Daily life constantly confronts us with numerical information that we use to better apprehend and describe our environment and to plan and guide actions that we take. For example, information about many important parameters of our environment, such as distances, dates, temperatures, weights, ages, prices, or exam grades, are usually communicated in formats involving numbers. Accordingly, the characteristics of how we represent numerical information have been the subject of considerable research over the last 2 decades that has led to a detailed understanding of how we process numerical information, of how these cognitive skills develop from early age on, and also of the neuronal circuits underlying the various forms of numerical processing in humans (for detailed summaries, see Ashcraft, 1992; Besner & Coltheart, 1979; Butterworth, 1999; Corballis, 1994; Dehaene, 1997; Dehaene, Dehaene-Lambertz, & Cohen, 1998; Gallistel & Gelman, 1992; McCloskey, 1992 ).
exhibit systematic rightward shifts in a number bisection task-as if they neglected the left portion of the mental number line-whereas control patients and healthy normals have no systematic problems with this task. Conceivably, then, our number representation may be inherently space related because it exploits or coactivates neural networks that deal primarily with the processing of spatial information.
Further important evidence regarding the abovementioned questions is provided by a study of Dehaene, Bossini, and Giraux (1993) , who asked participants to indicate the parity (odd vs. even) of digits with bimanual (left-vs. right-hand) responses. They found that response times (RTs) were systematically modulated by the digit's magnitude: Even though numerical magnitude per se was, in principle, irrelevant for judging the digit's parity, small digits (e.g., 1, 2) were responded to more quickly with the left than with the right hand, whereas large digits (e.g., 8, 9) were responded to more quickly with the right than with the left hand. This systematic spatialnumerical association of response code (SNARC effect) was observed across a considerable range of different experimental conditions involving variations of the participant's handedness and the number's notational format. Note that the SNARC effect is independent of the main effects of left versus right hand and odd versus even responses; rather, it refers to the interaction of the responding hand (left vs. right) with numerical magnitude. Subsequent research has confirmed the basic SNARC effect, studied its developmental changes from young age on (Berch, Foley, Hill, & Ryan, 1999) , and extended it to less number-related tasks, such as phonemic monitoring (Fias, 2001; Fias, Brysbaert, Geypens, & d'Ydewalle, 1996) . According to Dehaene (1997; Dehaene et al., 1993 ; for related views, see Bächtold, Baumüller, & Brugger, 1998; Butterworth, 1999; Fias, 2001; Fias et al., 1996; Fischer, 2001; Fischer, Castel, Dodd, & Pratt, 2003) , these findings collectively suggest two basic interrelated conclusions. The first conclusion is that under some conditions, presenting a number seems to call up an internal magnitude representation-even in situations in which magnitude per se is logically irrelevant and could, therefore, be in principle ignored (cf. Otten, Sudevan, Logan, & Coles, 1996; Schwarz & Heinze, 1998; Sudevan & Taylor, 1987) . This conclusion fits in with related Stroop-type congruency effects obtained in interference experiments in which humans judge the physical size of digits or whether two digits are physically the same or different. In these tasks, the digit's numerical magnitude is also, in principle, irrelevant but still systematically modulates the observed response latencies (Algom, Dekel, & Pansky, 1996; Dehaene & Akhavein, 1995; Girelli, Lucangeli, & Butterworth, 2000; Pansky & Algom, 1999; Schwarz & Ischebeck, 2003; Tzelgov, Meyer, & Henik, 1992) .
Second, Dehaene et al.'s (1993) findings also suggest the notion that this magnitude representation is inherently space related and, therefore, amenable to spatialnumerical association effects. More specifically, the internal representation of numbers seems to be such that increasing numerical magnitudes are ordered in a leftto-right orientation along a hypothetical mental number line (e.g., Restle, 1970) .
The Manual Association Hypothesis: Eye and Hand Dissociated?
Although the first conclusion seems to be widely accepted for many conditions and tasks (but see Pansky & Algom, 1999 , for a systematic and careful exploration of the boundary conditions), alternative views regarding the second conclusion are conceivable (see, e.g., Bächtold et al., 1998) . For example, there is a growing body of evidence showing that many effects previously thought to be purely cognitive in nature are, to a surprising degree, effector specific; for example, Milner and Goodale (1995) have demonstrated how manual and visual grasping responses can be systematically dissociated. More recently, Dixon (2001, 2002) have advanced a general model in which the perceptually guided planning of motor actions, such as reaching or grasping, and the on-line-controlled actual execution of this action are systematically dissociated. In support of their proposal, they demonstrated that in a grasping task, contextinduced illusions systematically distorted the perception of the target disk size and the initial planning of a motor action, whereas the actual execution of the motor action, as measured by grip aperture, revealed a steadily decreasing effect of the illusion (on-line action control). On this general view, the SNARC effect might not so much reflect the nature of our internal representation of numerical magnitude per se ( perception) but, rather, result from a highly overlearned motor association between particular numbers and particular manual responses (action)-largely independently of how these numbers are internally represented. To illustrate (and overstate) this argument with a simplified analogy, consider that most Europeans are used to associate, and to handle more efficiently, forks and knives with the left and the right hands, respectively. However, it seems unlikely that this fork-left and knife-right superiority (as compared with the converse mapping) results from a space-related internal representation of cutlery. Rather, it simply reflects the fact that particular motor effectors are strongly associated and, thus, more effective with particular objects. For example, Bächtold et al. found that when participants had to relate numbers to locations on a ruler, the usual SNARC effect was replicated; however, when the same numbers had to be related to the circular face of a standard analogue clock (i.e., smaller numbers right, larger numbers left), a reverse SNARC effect was obtained. Other obvious examples in the context of number processing are slide rulers, typewriters, and computer keyboards-instruments in which small versus large numbers are regularly associated with the activation of the left versus the right hand, respectively. For example, professional typists are trained to use a digit-to-hand map-ping such that the left hand covers the digits 1-5 and the right hand the digits 6-9, and even less professional users of standard keyboards apply essentially the same digitto-hand mapping. According to this alternative manual association hypothesis, the SNARC effect would thus not so much reflect an internal, genuinely space-related number representation but, rather, result from the fact that we have available highly overlearned (and thus very efficient) number-to-hand motor associations. In contrast, according to the number line interpretation of the SNARC effect, the advantage of the left (right) hand with small (large) numbers is just a consequence of our inherently space-related mental representation of magnitude.
Part of the existing evidence seems clearly more in line with the mental number line interpretation of the SNARC effect. For example, Dehaene et al. (1993, Experiment 6 ) observed a normal SNARC effect in a condition in which the participants crossed their hands to push the left (right) button with the right (left) hand. The manual association hypothesis can account for this finding only with the additional assumption that the critical association is not necessarily with the specific hand but, within a more abstract body scheme, with that manual effector that currently is placed on the respective side in extracorporal space (see Latash, 1999; Rosenbaum, 1991; Schmidt, 1988) . Some open questions related to the interpretation of the crossed-hands condition remain, however (for a recent critical discussion of crossed-hands experiments, see Wascher, Schatz, Kuder, & Verleger, 2001 ). For example, if the SNARC effect does indeed depend exclusively on the extracorporal spatial reference, one would be led to expect that only the horizontal spatial separation of the two response buttons could set the spatial frame of reference, and not the placement (be it crossed or uncrossed) of the actual effectors. One should then, for example, expect the SNARC effect to decrease with decreasing button separation and, eventually, to vanish with response buttons placed right above each other. However, contrary to this expectation, the effect is virtually identical over a more than tenfold range of horizontal separations from 25 mm (Fias et al., 1996) to 260 mm (Dehaene et al., 1993) . Clearly, this finding seems to be difficult to reconcile with the notion that the SNARC effect directly reflects the (in-)congruency of internal number representations and external response requirements and invites alternative accounts, such as the manual association hypothesis.
Further relevant evidence comes from experiments showing that the SNARC effect depends on the current numerical context (Dehaene et al., 1993, Experiment 3; Fias et al., 1996, Experiment 1) . That is, there are separate SNARC effects within each of the subintervals [0, 5] and [4, 9] when these are presented in different experimental blocks. Specifically, the digits 4 and 5 are responded to more quickly with the right than with the left hand when the interval is [0, 5] but more quickly with the left than with the right hand when the interval is [4, 9] . Again, for the manual association hypothesis, this finding requires that the motor associations assumed by this hypothesis cannot be thought of as immutable hardwired bonds; rather, they need to be reprogramable depending on the current numerical context (cf. Rosenbaum, 1991) . In this respect, the manual association hypothesis stands perhaps on a par with the number line interpretation, because even with an internal number line representation (at least in its strict interpretation; see, e.g., Restle, 1970) , it is not immediately obvious why, for example, the digit 5 is sometimes represented as small (left) and sometimes as large (right). That is, both rivaling hypotheses need to assume some degree of flexibility to explain the adaptation to different numerical contexts.
How, then, could the manual association hypothesis be tested in a more stringent, direct way and be contrasted with predictions based on the number line interpretation of the SNARC effect? Evidently, the manual association hypothesis makes one direct, strong prediction-namely, that the SNARC effect should be weaker or absent in response tasks with effectors whose horizontal response amplitude is not (or is less) systematically associated with small versus large numbers. For example, under the manual association hypothesis, we would not expect to obtain a SNARC effect with left versus right saccadic responses, because eye movements to the left versus the right are less systematically associated with small versus large numbers than are manual responses. In terms of the above-mentioned simplified analogy, although for many Europeans the left (right) hand more efficiently grabs and handles forks (knives), one would certainly not expect a corresponding superiority to hold for saccadic responses toward forks versus knives as well. A very similar argument holds for numbers: For example, in typing in a number on a computer keyboard, we manually always associate digits such as 1 and 2 with left and digits such as 8 and 9 with right, even if the to-be-produced compound number (e.g., 8921) has large leading (i.e., left) digits and small trailing (i.e., right) digits. However, unlike its manual production, the sequential visual readout of the produced number is, in general, not systematically related to the digit's magnitudes; for example, in reading the centrally presented number 8921, the larger digits require a saccade to the left, the smaller digits a saccade to the right. In this sense, then, our hands (e.g., in typing in digits) are more systematically related to small versus large numbers than are our eyes (e.g., in the visual readout of written numbers). If, on the other hand, the SNARC effect indeed reflects an inherently spacerelated mental magnitude representation, it should presumably occur in a similar way with any effector that is capable of distinct left versus right responses.
Unfortunately, all inquiries into the SNARC effect so far have exclusively relied on comparing left versus right manual responses (for a related but different paradigm, see Fischer, 2001) , so that, from extant data, it is very difficult to systematically evaluate these different accounts. To overcome this problem, in the present exper-iments, we studied the SNARC effect by using saccadic response conditions in which the participants indicated the parity of a digit by making eye movements to the left or the right. As in the standard bimanual task, the mapping of parity to response side was varied so that, within each digit, the latencies of saccades to the left and to the right could be compared. If the number line interpretation of the SNARC effect holds, we would expect that the difference between onset latencies of saccades to the right minus onset latencies of saccades to the left should decrease with numerical magnitude. In contrast, the manual association hypothesis predicts an eye-hand dissociation (cf. Glover & Dixon, 2001 Milner & Goodale, 1995) for parity judgments, so that the difference in right minus left saccadic onset latency (if there is any) should be essentially independent of numerical magnitude.
Is There a Vertical SNARC Effect?
In previous research, interpretations of the SNARC effect have centered around a hypothetical left-to-right orientation of our number representation, in the sense of a horizontal mental number line. As was discussed above, numerical tasks activate areas in the inferior parietal cortex, a structure that is known to be essential for the processing of spatial information. Given that our spatial representations are not limited to a single horizontal direction (cf. Rubin, Nakayama, & Shapley, 1996) , it is conceivable that our mental number representation uses spatial codes that are richer than strictly unidimensional formats. For example, Dehaene (1997, pp. 82-83) took into consideration the possibility that small numbers might also be internally represented as bottom and large numbers as top. Consistent with this conjecture, many languages use spatial metaphors, such as low and high, to denote small and large numbers, respectively. If Dehaene's conjecture is correct, strictly unidimensional concepts such as a number line might be incomplete descriptions of how we represent numerical magnitude and should be replaced with higher dimensional concepts, such as an internal number map or a number field. Indeed, many technical instruments, such as analogue thermometers or hand-held pocket calculators, are manufactured so that small numbers are associated with lower and larger numbers with upper locations. On the other hand, the key pads of telephones (small numbers at the top), conventional computer raster graphics (zero is the top display line), and rankings or league charts (number one listed at the top) are common exceptions to this rule. Does, then, a genuine SNARC effect exist with respect to the vertical orientation as well? Given the left-right dichotomy inherent to our hands, this question would seem difficult to address using manual responses, because upper versus lower response locations are not as systematically related to either hand as are left versus right response buttons. On the other hand, if we could establish that eye movements do exhibit SNARC-like effects, the saccadic response condition described above would also allow us to further explore the internal topology of our numerical magnitude representations for nonhorizontal orientations as well. More specifically, comparing the latencies of upward versus downward saccades in a parity judgment task would then provide a direct and convenient way to test for potential processing advantages of small numbers with lower and of large numbers with upper response locations. Such a finding could be interpreted as evidence for a genuinely two-dimensional internal number representation, such as a number field or a number map. Alternatively, it would at least support the notion that there are two functionally independent number representations, or perhaps a single representation that has an adaptive, task-dependent spatial orientation.
In summary, the present study had three aims. First, we studied the SNARC effect under response conditions in which the participants had to indicate the parity of a digit with a left versus a right saccade. The manual association hypothesis predicts that under these conditions, no or, at best, a minuscule SNARC effect should be observed, whereas the number line interpretation does predict the standard effect. A second aim was to compare the size (if any) of the SNARC effect on latencies and errors under the saccadic response condition with the corresponding effects obtained under the standard bimanual response condition. Specifically, if the SNARC effect on latencies (manual or saccadic) indeed arises entirely during early representational processing stages preceding the activation of the required motor response, it should be of similar size for both the manual and the saccadic response conditions. Finally, to further explore the topology of our internal magnitude representations, we studied the SNARC effect under a saccadic response condition with vertical (i.e., upward vs. downward) saccades, to see whether a SNARC effect would arise under these conditions as well.
EXPERIMENT 1
The purpose of Experiment 1 was to test for and to compare the SNARC effect under two different response conditions: manual versus saccadic.
Method Participants
Sixteen (13 female) right-handed students at the University of Nijmegen, 18-26 years of age, participated in two separate sessions in return for 25 Euro (Ϸ$25).
Stimuli and Apparatus
The stimuli consisted of the digits 0-9, which were presented in green using the TrueType Verdana font. Each digit was displayed in the center of a 100-Hz, 480 ϫ 640 pixel VGA color monitor against a dark background; the display timing was synchronized with the video refresh cycle. When viewed from a distance of 70 cm, the digits subtended angles of about 2.0º ϫ1.2º. Manual response latencies were recorded to the nearest millisecond, using an external response keyboard attached to the computer's parallel port. The SMI EyeLink-Hispeed 2D system (SensoMotoric Instruments) was used to track both eyes, using a sampling rate of 250 Hz; the spatial accuracy of this eye tracker is better than 0.01º, according to the man-ufacturer. To detect the onsets and offsets of saccades, three thresholds were used: a motion threshold of 0.1º, a velocity threshold of 30º/sec, and an acceleration threshold of 8,000º/sec 2 . To discourage the participants from making head movements, a chinrest was used throughout the experiment.
Procedure
The experiment consisted of two sessions on separate days, one for each mapping of parity to response side (even-left /odd -right vs. even-right /odd -left). In each session, the participants worked under both a manual and a saccadic response condition with the same parity-to-side mapping; the order of the response conditions within a session and of the mapping across sessions were counterbalanced across participants. In both response conditions, the task was to judge the parity of the number presented; the participants were instructed to respond as quickly as possible but to avoid errors. Between the two response conditions, there was a break of about 15 min. Each complete session took approximately 2.5 h.
Manual response condition. In the manual response condition with the even-left mapping, the participants were instructed to press the left button when the number was even and the right button when the number was odd. In the even-right condition, the mapping of parity to response side was reversed.
Each trial started with the presentation of a green fixation cross for 500 msec, which was then replaced with a single digit. Responses were given with the index fingers of the left and right hands; they terminated the stimulus display. The next trial started 1,200-1,400 msec (uniform distribution) later. RT was defined as the time from the onset of the digit to the onset of the buttonpress. No feedback was given for correct responses, whereas for incorrect responses the word "Error" was presented for 2 sec.
A single block contained 4 warm-up trials, followed by 50 regular trials, which were generated by the computer in a random order, subject to the boundary condition that within 2 consecutive blocks each digit preceded every other digit exactly once. Blocks were separated by breaks that could be terminated by the participant after a minimum duration of 20 sec. During the break, the number of remaining blocks, the number of errors in the last block, and the mean RT of the last block and of the fastest block so far were displayed on the screen. When the number of errors per block exceeded three, an extra feedback message asked the participant to be more accurate. The complete manual response condition of a session consisted of 12 blocks.
Saccadic response condition. In the saccadic response condition, white square boxes (8 ϫ 8 mm), with a small dot in the center of each, were presented continuously 8º to the left and 8º to the right of a central fixation cross. In the even-left mapping, the participants were instructed to saccade to the center dot in the left box when the number was even and to the center dot in the right box when the number was odd. In the even-right mapping condition, the mapping of parity to response side was reversed. After the participant had read the instructions and, if necessary, additional questions had been answered, a band carrying two micro video cameras was mounted to the participant's head, and the eye-tracking system was calibrated and validated.
Each trial in the saccadic response condition started with the presentation of a central green fixation cross for 500 msec, on which the participant had to fix his or her gaze; it was then replaced by a central digit that lasted for 2,200 msec. Saccadic latency (SL) was defined as the time from the onset of the digit to the onset of a saccade toward the center of one of the two boxes. A red cross was presented for 2,800-3,000 msec (uniform distribution) until the next trial started. During the entire trial, the (x, y) coordinates of both eyes were stored on disk every 4 msec, together with a record of the time-stamped stimulus events on screen; these data were then analyzed off line.
Blocks were made up of 4 practice trials plus 50 regular trials and were separated by breaks, exactly as in the manual response condition, except that after each block, the participant received feedback only about the number of blocks completed and the number of blocks still remaining. The complete saccadic response condition of a session consisted of eight blocks.
Preliminary Data Reduction
Across blocks, mean manual RT decreased as an approximately exponential function that leveled off after about 2 blocks. Therefore, error rates and the mean RTs of the correct responses per condition were based on the final 10 blocks of the manual response condition. Trials with RTs shorter than 200 msec or longer than 1,200 msec (a total of 0.6%) were excluded from all analyses.
For a trial from the saccadic response condition to be accepted as valid, it had to meet the following five criteria: (1) The preceding green central cross was properly fixated during the last 200 msec before the digit appeared, (2) the saccade started between 200 and 1,200 msec after digit onset, (3) the horizontal saccade amplitude was between 5º and 11º, (4) the vertical saccade amplitude was smaller than 3º, and (5) the saccade duration was between 20 and 120 msec. Across all participants, 25% of the trials did not meet one or more of these criteria; these invalid trials (most of them containing rapid microsaccades, improper initial fixations, or saccades not landing close enough to one of the two response boxes) were excluded from all further analyses. Perhaps due to the detailed calibration and validation procedure, SLs did not decrease consistently across blocks, so that error rates and mean correct SLs were based on all valid trials from the eight blocks.
Mean RTs and mean SLs were subjected to separate repeated measures 2 ϫ 2 ϫ 5 analyses of variance (ANOVAs), with factors of parity (2: even vs. odd), response side (2: left vs. right), and numerical magnitude (classified into five bins: 0/1, 2/3, 4/5, 6/7, and 8/9). As in Dehaene et al. (1993) , we reduced the 10 digits into five bins of increasing magnitude, because in this way, within any given bin, RTs and SLs for left-side responses and right-side responses were based on responses to both digits of this bin and from both sessions; thus, any main effect of mapping (confounded with session) and of the individual digits should cancel out. For example, left-hand RTs for the largest bin (8/9) were based on responses to the digit 8 with the even-left mapping (one session) and on responses to the digit 9 with the odd -left mapping (the other session). Also, subsuming the digits into successive magnitude bins allowed for the orthogonal variation of magnitude and parity, which was impossible on the basis of individual digits.
Comparisons across the two response conditions were based on four-way repeated measures ANOVAs, with the additional factor of effector (2: hand vs. eye).
To statistically evaluate effects on error rates, we first applied the arcsin(√p) transformation to the error rates (e.g., Bishop, Fienberg, & Holland, 1975, pp. 367ff ) , to achieve approximate variance equality, and then submitted these transformed values to ANOVAs of the same format as for RT and SL.
Unless noted otherwise, significant results reached at least the .05 level.
Results

Manual Responses
Response times. Overall, the participants responded more quickly with their right (438 msec) than with their left (460 msec) hands [F(1,15) 
mappings, in the fourth bin the digit 7 was classified as odd much more quickly (434 msec) than the digit 6 was classified as even (458 msec), whereas for all other magnitude bins, odd and even judgments took very nearly the same time. Of most importance to our purposes, there was a strong interaction between response side and magnitude [F(4,60) ϭ 9.95, MS e ϭ 479.12, p Ͻ .001]. As is illustrated in Figure 1A , the RT difference between right-hand responses minus left-hand responses decreased monotonically with numerical magnitude; the pattern forms a funnel interaction because right-hand responses were generally faster than left-hand responses.
This SNARC effect occurs in a similar way for odd and even digits separately, so that the triple interaction of response side, magnitude, and parity was not significant [F(4,60) To further quantify the size of this manual SNARC effect, we first regressed, for each participant individually, the difference of mean right-hand RT minus mean lefthand RT on the 10 values of numerical magnitude (0-9; cf. Dehaene et al., 1993; Fias et al., 1996) . The obtained regression slope values were then averaged across participants and evaluated by t tests. The mean slope was equal to Ϫ5.8 [t(15) ϭ Ϫ4.54, SEM ϭ 1.28, p Ͻ .001], meaning that, on average, the difference between right- number (0, 1, 2, . . . , 9) in the manual response condition in Experiment 1. Solid line: regression of ER difference on number.
hand versus left-hand RTs decreased by 5.8 msec per digit.
Error rates. The overall error rate was 3.1%, and only two effects modulated it significantly. First, a clear SNARC effect (shown in Figure 1B) time. Second, we found a strong interaction between response side and magnitude [SNARC effect; F(4, 60) Figure 2B ) on saccadic error rates: With increasing numerical magnitude, error rates decreased for saccades to the right but tended to increase for saccades to the left [F(4,60) ϭ 5.40, MS e ϭ 0.021, p Ͻ .001]. This SNARC effect on saccadic error rates was stronger for odd than for even digits, resulting in a significant three-way interaction of response side, magnitude, and parity [F(4,60) ϭ 3.08, MS e ϭ 0.018, p Ͻ .05].
Comparisons Across Response Conditions
In a final analysis, we compared the observed effects across the two response conditions, adding effector as a further within-subjects factor. The only effect of this factor on the latency data was an interaction with response side [F(1,15) ϭ 5.05, MS e ϭ 829.9, p Ͻ .05]: Saccades to the right were 11 msec faster than those to the left, and this right-side advantage was twice as large (22 msec) for manual responses. More central to our hypotheses, the SNARC effects on RT and SL reported above were of similar size and direction in both the manual and the saccadic response conditions [F(4,60) ϭ 0.09, p Ͼ .98, for the triple interaction of response side, magnitude, and effector]. The same result was obtained when the slope values from the regression analyses of manual latencies and SLs were compared [t(15) ϭ 0.40, SEM ϭ 1.56, p Ͼ .70].
Similar results hold for error rates. The only effect of effector was that overall, with saccadic responses, more errors were observed than with manual responses [F(1,15) ϭ 7.57, MS e ϭ 0.201, p Ͻ .02], perhaps because no immediate error feedback was given in the saccadic response condition. Again, the SNARC error rate effect occurred in very similar ways under both response conditions [F(4,60) ϭ 0.74, p Ͼ .55, for the triple interaction of response side, magnitude, and effector].
Discussion
The results of Experiment 1 are readily summarized. First, when the participants indicated the parity of digits manually, a systematic relation was found between the (in principle, irrelevant) numerical magnitude of the digit and the relative speed of left-hand responses versus right-hand responses. Specifically, the difference of righthand RT minus left-hand RT decreased with increasing numerical magnitude (manual SNARC effect; Dehaene et al., 1993) . The SNARC effect showed up very clearly for error rates as well, so that the latency results cannot be attributed to simple speed -accuracy tradeoff mechanisms. Also, the manual SNARC effect occurred for even and odd digits separately in essentially the same manner.
Second, when the participants indicated the parity of a digit by horizontal saccades, the difference between onset latencies of saccades to the right and saccades to the left also decreased with numerical magnitude (saccadic SNARC effect): Eye movements to the left started earlier with smaller than with larger numbers, whereas eye movements to the right started earlier with larger than with smaller numbers. This effect was also accompanied by a pattern of error rates that increased with numerical magnitude for saccades to the left and decreased with numerical magnitude for saccades to the right.
Third, comparisons across the manual versus the saccadic response conditions indicated that the SNARC effect on both latency and error data occurred qualitatively and quantitatively in very similar ways under both the manual and the saccadic response conditions. For example, even the idiosyncratic finding that the parity of 7 was consistently easier to judge than that of 6 (whereas for all the other magnitude bins, even and odd judgments did not differ) occurred nearly identically in the manual and the saccadic latency and error data.
Taken together, these results constitute strong direct evidence against the manual association hypothesis as an explanation of the SNARC effect. Rather, they support the view that in accessing parity information, a magnitude representation is activated as well and that this representation of numerical magnitude is inherently space related, independently of the specific effector system onto which the overt response is to be mapped.
These conclusions are also supported by complementary evidence from analyses of the spatial characteristics of the actual eye movements. Specifically, if motor programming and execution processes played an important role in generating or modulating the saccadic SNARC effect, one might expect that the effect should also be reflected in the kinematic characteristics of the executed movements. For example, with the digit 9, the amplitudes of saccades to the right (i.e., in the odd -right condition) might be larger than the corresponding saccadic amplitudes to the left in the odd -left condition. However, the data did not give the slightest indication of any systematic magnitude-related effect on saccadic amplitudes; a similar conclusion holds with respect to the duration of the saccades as well. Thus, saccades to the left (to the right) are initiated earlier with numerically small (numerically large) digits, presumably because preceding representational processing stages are completed earlier, but the temporal and spatial characteristics of the actual eye movements themselves do not exhibit magnituderelated effects. This, too, complements and extends the analogous finding, mentioned in the introduction, that with manual responses the separation of the response buttons does not seem to modulate the size of the SNARC effect.
Given the evidence from Experiment 1 that the SNARC effect indeed reflects an early, effector-independent representational processing stage, the saccadic response condition can be exploited to further explore the internal topology of magnitude representations. As was discussed in the introduction, Dehaene (1997, pp. 82-83) has put forth the conjecture that there might be a minor vertical axis to our mental number representation, in the sense that smaller versus larger numerical magnitudes might be preferentially represented as bottom versus top, respectively. In view of the natural left-/right-hand dichotomy, it is difficult to test this conjecture with manual responses. Therefore, our Experiment 2 had two aims. First, we wanted to test whether saccadic responses in a parity task would show a vertical SNARC effect. Second, if this effect does exist, we wanted to determine whether it would occur in ways functionally similar to the horizontal saccadic SNARC effect observed in Experiment 1.
EXPERIMENT 2
Experiment 2 tested for a vertical saccadic SNARC effect by comparing the latencies of upward versus downward saccades in a parity task involving numbers of varying magnitude.
Method Participants
Sixteen (12 female) right-handed students at the University of Nijmegen, 18-42 years of age, participated in two separate sessions in return for 15 Euro (Ϸ$15).
Stimuli and Apparatus
The stimuli and apparatus were the same as those in the saccadic response condition in Experiment 1, except that the left and right response boxes containing the target dot for the saccades were now replaced with a lower and an upper response box placed 8º below and above the fixation cross.
Procedure
The experiment consisted of two sessions on separate days, one for each mapping of parity to response location (even-down/odd -up vs. even-up/odd -down); the order of the mapping was counterbalanced across participants. The task was to indicate the parity of the number presented by a vertical saccade. In the even-down mapping, the participants were instructed to saccade to the center dot in the lower box when the number was even and to the center dot in the upper box when the number was odd. In the even-up condition, the parity-to-response mapping was reversed. All other procedural aspects were identical to those for the saccadic response condition in Experiment 1. Experiment 2 contained no manual response condition. Each complete session took approximately 90 min.
Preliminary Data Reduction
A valid trial had to meet the following five criteria: (1) The preceding green central cross was properly fixated during the last 200 msec before the digit appeared, (2) the saccade started between 200 and 1,200 msec after digit onset, (3) the vertical saccade amplitude was between 5º and 11º, (4) the horizontal saccade amplitude was smaller than 3º, and (5) the saccade duration was between 20 and 120 msec. Across all participants, 26.1% of the trials did not pass one or more of these criteria; these invalid trials were excluded from all further analyses.
Mean SLs and error rates were subjected to repeated measures 2 ϫ 2 ϫ 5 ANOVAs, with factors of parity (2: even vs. odd), direction of saccade (2: downward vs. upward), and numerical magnitude (5 bins: 0/1, 2/3, 4/5, 6/7, and 8/9). Comparisons across the saccadic response conditions in Experiments 1 versus 2 were based on four-way repeated measures ANOVAs, with the additional between-subjects factor of orientation of response axis (2: horizontal vs. vertical).
Results
Saccadic Latency
None of the three factors of magnitude, saccade direction, and parity had a significant main effect on SL. Figure 3A illustrates that the onset latency of saccades directed to the bottom location increased with numerical magnitude, whereas the onset latency of saccades directed to the top location decreased with numerical magnitude. Thus, we obtained a clear vertical SNARC effect-namely, a monotone decrease of the difference between SL for upward saccades minus SL for downward saccades as a function of numerical magnitude [F(4,60) ϭ 2.99, MS e ϭ 545.58, p Ͻ .05]. When this vertical SNARC effect was considered separately for odd and even digits, its size was larger for even than for odd digits, yielding a triple interaction of saccade direction, magnitude, and parity [F(4,60) ϭ 4.10, MS e ϭ 332.63, p Ͻ .01]. As in Experiment 1, odd and even judgments in each magnitude bin were usually equally fast, except again for the magnitude bin containing the digits 6 (which was the slowest digit overall; 421 msec) and 7 (the fastest digit overall; 388 msec), yielding a significant magnitude ϫ parity interaction [F(4,60) ϭ 7.49, MS e ϭ 646.80, p Ͻ .001].
A regression analysis of the SLs yielded a mean regression slope equal to Ϫ3.0 [t(15) ϭ Ϫ3.06, SEM ϭ 0.98, p Ͻ .01]. Thus, on average, the onset latency difference between upward saccades and downward saccades decreased by 3.0 msec per digit.
Error rates
The overall error rate was 8.2%. None of the factors had a main effect on error rate, but the interaction of magnitude with saccade direction was significant [F(4,60) ϭ 3.96, MS e ϭ 0.019, p Ͻ .01]. This vertical SNARC effect on error rates is shown in Figure 3B , and it occurred similarly when odd and even digits were considered separately [F(4,60) ϭ 0.74, MS e ϭ 0.012, p Ͼ .55, for the interaction of saccade direction, magnitude, and parity]. The only other significant effect was an interaction of magnitude with parity [F(4,60) ϭ 3.60, MS e ϭ 0.021, p Ͻ .02], reflecting mainly a lower error rate for 7 than for 6.
Comparing the Vertical and the Horizontal Saccadic SNARC Effect
In a final analysis, we compared the vertical saccadic SNARC effect as observed in the present experiment with the horizontal saccadic SNARC effect observed in Experiment 1 by adding the orientation of the response axis (horizontal vs. vertical) as a between-subjects factor. The only significant effect of this factor on saccadic latency was a four-way interaction: The modulation of the SNARC effect by parity (i.e., that the magnitude ϫ saccade direction interaction tended to be larger with even digits) was stronger for vertical than for horizontal saccades [F(4,120) ϭ 2.64, MS e ϭ 421.4, p Ͻ .05]. All other main effects or interactions held in a similar way for both orientations of the response axis; in particular, the SNARC effect (i.e., the magnitude ϫ saccade direction interaction) occurred similarly for horizontal as well as vertical saccades [F(4,120) ϭ 0.52, MS e ϭ 722.4, p Ͼ .70].
These conclusions are further supported when we compare the slope results from the regression analyses of the horizontal versus vertical saccadic SNARC effects. Under both conditions, the onset latency difference of saccades to the right versus the left or to the top versus the bottom decreased systematically with numerical magnitude, but the difference between the slopes for horizontal versus vertical saccades was not significant [t(30) A corresponding across-experiments comparison of error rates yielded no significant main effect or interaction involving the factor of orientation of the response axis.
Discussion
The results of Experiment 2 demonstrate, first, that there is a clear association of numerical magnitude with spatial response codes along the vertical meridian. Specifically, when participants indicate the parity of a digit by vertical saccades, the latency difference between upward saccades and downward saccades decreases with numerical magnitude (vertical SNARC effect): Eye movements to the lower response location start earlier with smaller than with larger numbers, whereas eye movements to the upper response location start earlier with larger than with smaller numbers. This effect is paralleled by an analogous pattern of error rates that increase with numerical magnitude for saccades to the bottom and decrease with numerical magnitude for saccades to the top. The size of the SNARC effects on both saccadic latency and response accuracy for vertical saccades is similar to that found for horizontal saccades in Experiment 1. These results are consistent with the view that numerical magnitude has a two-dimensional internal representation, much like an internal number map. Alternatively, our results are also consistent with the assumption of two functionally independent number representations or even with a single representation that can be adaptively reoriented according to the specific task demands.
Second, the present results again confirm the interpretation that the SNARC effect is not dependent on, or limited to, overlearned manual motor associations but reflects a space-related internal representation of numerical magnitude. Our results suggest that the organization of this internal representation is not strictly unidimensional-for example, like a mental number line (Restle, 1970) . A more general concept by which to describe this organization might be a number map or field, the lower left quadrant of which is preferentially associated with smaller numbers, whereas larger numbers are associated with the right upper quadrant. In this view, the standard horizontal SNARC effect could reflect the projections of a two-dimensional representation onto the horizontal axis. The broader implications of these findings will be discussed in the next section. Dehaene et al. (1993) first demonstrated that when the parity status of digits has to be judged in a bimanual response task, left-hand responses are faster with small than with large numbers, whereas right-hand responses are faster with large than with small numbers (SNARC effect). As was reviewed in the introduction, the SNARC effect holds across a range of different conditions, number notations, and tasks. According to one view, it reflects a genuine left-to-right orientation of our internal number representation, often likened to the concept of a mental number line (e.g., Butterworth, 1999; Dehaene et al., 1993; Restle, 1970) . If so, the effect should presumably occur in a similar way with any effector that is capable of distinct left-right orientations. An alternative view is based on the observation that many effects are surprisingly effector specific; for example, Milner and Goodale (1995) have demonstrated how the haptic and visual grasping response can be systematically dissociated. On this view, the SNARC effect originates with overlearned motor associations between particular numbers and particular manual responses. Such lateralized motor associations might have been formed, for example, by our life-long experience with manually operated number-related devices, such as typewriters or keyboards, and they may have evolved quite independently of how these numbers are actually internally represented; in fact, superficially similar manual associations and preferences occur within other, strictly nonnumerical domains as well (e.g., in handling cutlery).
GENERAL DISCUSSION
All studies in which the SNARC effect has been explored so far have relied on manual responses; therefore, it is difficult to know from extant data to what degree the effect depends on specific manual associations, although, as was reviewed in the introduction, part of the existing evidence seems more in line with the number line interpretation. The present study addressed this issue by using a saccadic response situation and by comparing it with the standard bimanual response condition.
The results of Experiment 1 yielded two new major findings. First, a clear SNARC effect was observed for saccadic onset latency and for saccadic error rate as well; this is a direct demonstration that the effect is not limited to experimental conditions in which the participants indicate their parity decisions bimanually. Second, this saccadic SNARC effect had the same size and showed similar characteristics as the standard manual SNARC effect. Clearly, these findings are further and direct support for the view that the SNARC effect originates with a spacerelated central magnitude representation and is then passed on and propagated to later processing stages, such as response preparation and execution. On the basis of this conclusion, Experiment 2, in which a saccadic response condition was again used, addressed the open question of whether a corresponding SNARC effect exists for the vertical orientation as well. The two most important findings were, first, that this vertical SNARC effect does indeed exist when upward and downward saccades to the same digits are compared and second, that the size and characteristics of this effect are quite comparable to those found for horizontal saccades in Experiment 1.
Taken together, both experiments provide strong support for the view that the SNARC effect is of central representational origin and manifests itself in similar ways with different effectors. In fact, recent findings of Fischer et al. (2003) suggested that an automatic space-related representation may even facilitate covert shifts of visual attention in a detection task with no antagonistic manual responses. This magnitude representation is likely to be richer than a one-dimensional number line and could be likened to an internal number map, although two independent representations, or a single representation with an adaptive task-dependent orientation, are not ruled out by Experiment 2 either. These conclusions immediately suggest several relevant and testable predictions for further experiments.
First, if the functional locus of the SNARC effect is indeed at a relatively early, representational stage of processing, it should in principle be possible to observe its neural correlates, with temporal onsets that precede the preparation and execution of the overt manual response. More specifically, it should then be possible to find a significant event-related potential (ERP) signature of the response side ϫ magnitude interaction that precedes the start of later processing stages such as response activation, as indicated by the onset of the lateralized readiness potential (for details of this ERP-based chronometric logic, see Dehaene, 1996; Otten et al., 1996; Schwarz & Heinze, 1998) .
Second, if, indeed, effects of different response mappings are only a manifestation of the SNARC effect but its origin is at a central representational level, it should in principle be possible to obtain the effect even without varying and comparing the assignment of lateralized responses (cf. the study of Fischer et al., 2003, described above) . For example, SNARC-like effects should then arise with lateralized presentations of the digits-even if the responses (e.g., verbal) required of the participants are not lateralized. Specifically, small numbers presented to the right and large numbers presented to the left should then constitute a presentation format that is more incompatible with our internal representation of number than is the converse mapping (cf. Tlauka, 2002) .
Third, and related to the previous prediction, if the comparison of different hand mappings per se is (convenient but) not critical to the SNARC effect, it should presumably also be found by varying the response mappings within a single hand. For example, if we were to vary the way in which odd and even are mapped onto the index and middle fingers of the dominant hand, we would still expect a SNARC effect if this effect actually originates at more central representational stages.
Fourth, if, as Experiment 2 suggests, numbers are internally represented in a two-dimensional map-like structure with a genuine bottom-left to top-right magnitude orientation, we also would expect a strong SNARC effect for a diagonal saccadic response condition in which eye movements are either to a lower left or an upper right response location. Indeed, if the separate SNARC effects for each orientation sum or coactivate, this diagonal saccadic SNARC effect would be predicted to be larger than that for either the horizontal or the vertical dimension alone. Conversely, we would by the same reasoning expect a cancellation or, at least, a degradation of the separate SNARC effects in each dimension along the negative diagonal from upper left to lower right saccadic response locations.
A final conclusion concerns the question of which tasks we expect to yield a SNARC effect. By far, the greatest number of studies of the SNARC effect have used parity judgments, a task that is known to be relatively slow when compared with magnitude judgments (e.g., Otten et al., 1996; Sudevan & Taylor, 1987) . Also, the parity status of a number is logically independent of its magnitude, but it is still an inherently number-related property; under most experimental conditions, accessing and retrieving parity information seems difficult or impossible without activating in parallel magnitude-related information about the number presented (Bächtold et al., 1998; Berch et al., 1999; Butterworth, 1999; Dehaene et al., 1993) . If the SNARC effect arises at a relatively early stage of processing, during which magnitude-related information is automatically activated, we would expect it to show up even with tasks of (1) a much simpler, nonnumerical nature and (2) a correspondingly faster time course. Fias et al. (1996) addressed the first issue by using a phoneme monitoring task in which participants judged whether the phoneme /e/ occurred in the name of a visually presented digit. Despite the nonnumerical nature of this task, they obtained a clear SNARC effect, indicative of a fast and automatic activation of semantic, magnitude-related information, in line with the present conclusions. If this interpretation is valid, the SNARC effect should presumably not be limited to this relatively slow nonnumerical task (which is again about 100 msec slower than parity judgments) but should also occur when more accidental nonnumerical features of digits are to be judged.
In addition, a disadvantage of both the parity and the phoneme tasks in terms of experimental design is that for every given digit, its parity status or phoneme content is a fixed property that cannot be experimentally varied. It is precisely this design feature that necessitates that, across blocks or sessions, the parity-or phoneme-toresponse mapping must be varied by different response instructions. Consider, however, a task in which a completely accidental digit attribute, such as its color (e.g., red/green), must be judged (Fias, Lauwereyns, & Lammertyn, 2001; Lammertyn, Fias, & Lauwereyns, 2002) . This task does not require the comparison of different response mappings run in separate blocks, because both left and right (or upward and downward) responses to the same number are naturally obtained within a single block consisting of a random sequence of colored digits. If the SNARC effect originates with an early, automatic activation of a magnitude representation, we would predict a SNARC effect for purely accidental digit features as well, a prediction that Fias et al. (2001) have been able to confirm for some (e.g., orientation), but not for other (e.g., color), features. Fias et al. (2001) and Lammertyn et al. (2002) have attributed this dissociation to the different amounts by which these features activate the pari-etal cortex and, thus, overlap with number processing. Similarly, Pansky and Algom (2002, note 7) have recently reported the absence of number-space associations for judgments of the numerosity of digits, indicating that with this particular task, which is relatively elementary and fast, there is no evidence for an automatic activation of numerical magnitude.
In conclusion, the results of the present experiments provide new and direct evidence that the number-space associations consistently found in bimanual parity judgment tasks cannot be attributed to preferred and overlearned manual motor associations. Rather, the SNARC effect manifests itself in essentially similar ways with other effectors that are normally less (or not) systematically associated with small versus large numbers than are hands. Our findings support the interpretation that in parity judgment tasks, space-related magnitude representations are automatically activated and modulate the efficiency with which a horizontal or a vertical motor response is given. The present results also extend our view on the nature of this magnitude representation: They suggest that it is richer than a strictly unidimensional code, such as a number line, and is better characterized as a number map. More work will be required to further test the various and detailed predictions, described above, implied by our conclusions, so as to better understand how, why, and when our representations of number and space are closely interlocked.
